We have previously established that insulin-like growth factor (IGF)-I, -II and insulin exert a strong protective effect against tumor necrosis factor-a (TNF)-induced apoptosis in interferon-g (IFN)-sensitized HT29-D4 human colon carcinoma cells. In this study, we report that this effect was still operative when cells were cultured in the absence of integrin-and E-cadherinmediated cell ± extracellular matrix and cell ± cell interactions. In this model, IGF-I did not activate the focal adhesion kinase, whereas it induced tyrosine phosphorylation of the insulin receptor substrate-1 and activation of the extracellular signalrelated kinase 1 and 2, p38, phosphatidylinositol 3'-kinase and protein kinase B/Akt. However, the use of specific inhibitors indicated that these pathways did not play a role in the adhesion-independent IGF-I anti-apoptotic signal. In contrast, inhibition of the NF-kB activation induced a complete reversal of the IGF-I anchorage-independent protective effect. Correspondingly, IGF-I markedly enhanced the TNF-and IFN/TNFinduced NF-kB-dependent interleukin-8 production. Our results provide evidence that IGF-I induces resistance against cytokine-induced cell death even in the absence of cell adhesion-mediated signaling. NF-kB appears to be a key mediator of this anti-apoptotic effect that should contribute to the resistance of colon cancer cells to immune-destruction during metastasis.
Introduction
Cell death by apoptosis is an essential physiological process for maintaining tissue homeostasis by assuring a constant balance between cell production and cell loss. This is particularly true for the intestinal epithelium which is characterized by one of the most rapid cell turnover rates of any tissue of the body. 1 Instructive apoptosis' is a kind of apoptosis by which a death ligand such as tumor necrosis factor a (TNF) or Fas ligand interacts with its cognate cell surface death receptor belonging to the TNF receptor gene superfamily thus inducing apoptosis signals. 2 This type of apoptosis is essential, especially for immune-based destruction, since the ligands of the TNF family are largely distributed among the immune system. 3, 4 In addition, chemotherapeutic drugs have been shown to induce the apoptosis of some types of cancer cells by up-regulating the expression of death ligands and receptors. 5 Failures in the apoptosis pathways disable the deletion of genetically altered cells and contribute to carcinogenesis, and subsequently to the aggressive behaviors of malignant cells. 6, 7 Moreover, cancer cell resistance to apoptosis is of major concern in cancer therapy because apoptosis is the main, if not the only, mechanism whereby drugs, radiations and immune effector cells induce the destruction of tumor cells. 7 The pathways that regulate apoptosis are complex, with networks of survival and death regulatory molecules working in a delicate balance to achieve a proper response. 7 ± 9 In this way, it has been reported that resistance to apoptosis may result from an aberrant regulation of extracellular survival signals delivered by extracellular matrix (ECM), cell ± cell interactions and growth factors. a wide variety of pro-apoptotic stimuli has been reported. The multiple anti-apoptotic signaling pathways used by this receptor may explain such a wide spread anti-apoptotic effect on death signals. 16 The gastrointestinal tract is one of the most responsive target tissues for IGFs. 17 In addition, in vivo and in vitro alterations of the IGF signaling have been shown to be associated with colorectal carcinoma suggesting a role for the IGF axis in the pathogenesis of this disease. 18 ± 20 By using the HT29-D4 human colon carcinoma cell model, we have shown that two key processes, enterocyte-like differentiation and cell migration, were under the control of the IGF system. 21, 22 In addition, we recently reported that IGF-I, IGF-II and insulin induce a strong resistance in HT29-D4 cells to apoptosis triggered by TNF in IFNsensitized cells. 23 Increasing evidence shows that a collaboration between integrin-, E-cadherin-and growth factor-mediated signaling pathways is required for the cells to mount appropriate biological responses. 24, 25 In HT29-D4 cells, we previously determined that both integrin and Ecadherin occupancy is necessary for cells to migrate in response to IGF-I. 26 This study had two goals. The first was to determine whether the anti-apoptotic signals transmitted via the IGF-IR in colon cancer cells requires a crosstalk with cellular adhesion molecules to prevent instructive apoptosis. We show that IGF-I and insulin can act independently from integrin-mediated cell-ECM and E-cadherin-mediated cell ± cell interactions to protect HT29-D4 cells from IFN/TNFinduced cell death. The second goal of this study was to determine the pathways downstream of IGF-IR that transmit the survival signals in an adhesion-independent manner. We report that IGF-I induces the phosphorylation (activation) of (i) insulin receptor substrate-1 (IRS-1); (ii) extracellular signal-related kinase (Erk) 1 and 2, and p38 mitogen-activated protein kinases (MAPK); and, (iii) p85-subunit of the phosphatidylinositol 3'-kinase (PI3K) and its downstream target, the protein kinase B/Akt (Akt). However, our data indicate that the adhesion-independent anti-apoptotic effect of IGF-I depends on its ability to potentiate the TNF-induced activation of the NF-kB pathway only.
Results
All the experiments described below were done with cells that were detached from monolayers by the use of EDTA, before seeding on defined ECM ligands, poly-L-lysine (PLL) or poly-HEMA in serum-free medium (SFM) as described in Materials and Methods. PLL was used as a non-specific substratum, the poly-cationic nature of which prevents the engagement of integrins in the attached cells, 27 while poly-HEMA was used to prevent cell attachment to a substratum because its uniformly nonionic nature prevents matrix deposition. 28 Cells plated on fetal calf serum (FCS)-coated dishes were used as controls. Des-(1-3)-IGF-I (dIGF-I) was used instead of IGF-I because this N-terminally truncated IGF-I analog binds to IGF-IR with the same affinity as native IGF-I but does not bind to any of the IGF binding proteins secreted by the HT29-D4 cells.
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HT29-D4 cells are resistant to anoikis
We first determined the sensitivity of HT29-D4 cells to anoikis, a form of apoptosis induced by disruption of epithelial cell ± ECM and cell ± cell interactions. 11 For this purpose, cells were plated on individual defined ECM ligands, PLL or poly-HEMA, and apoptosis was determined by flow cytometric analysis of PI-stained nuclei as described in Materials and Methods. Figure 1A , open bars, shows that the survival of HT29-D4 cells cultured in SFM on vitronectin or fibronectin was not different as compared to control cells (497%). When the cells were cultured on laminin-1 or type IV collagen, the basal cell survival was slightly lower than in control cells though remaining substantial (493%). This was also the case when the cells were seeded on PLL or poly-HEMA (495%), and this was true for at least 10 days (not shown). However, it might be argued that cells cultured on PLL or poly-HEMA may elaborate endogenous ECM components that could suppress apoptosis through HT29-D4 cell-expressed integrin receptors, i.e., a 1 b 1 , a 2 b 1 , a 3 b 1 , a 6 b 4 , a v b 5 and a v b 6 integrins. 27 Thus, we verified that the cell survival was not affected by a mixture of function-blocking mAbs to a v , a 6 and b 1 integrin subunits ( Figure 1B , open bars, lanes INT). HT29-D4 cells cultured on poly-HEMA formed large, compact multicellular aggregates by *15 h ( Figure 1C,a) . Addition of the function-blocking anti-E-cadherin MB-2 mAb completely prevented the formation of these aggregates. In these conditions, there were only weakly aggregated spheroids with individual cells clearly visible ( Figure 1C,b) . In contrast, addition of the mixture of antiintegrins mAbs did not interfere with the cell aggregation (not shown). Thus, the formation of multicellular aggregates in anchorage-independent conditions involved functional Ecadherin, which agrees with previous reports. 12 It has been reported that hindering the formation of these E-cadherinmediated cell ± cell contacts induces apoptosis in cells having lost cell ± matrix signaling. 12 However, the addition of MB-2 mAb to HT29-D4 cells cultured on poly-HEMA or PLL did not affect their survival for at least 48 h ( Figure 1B , open bars, lanes CADH).
Thus, the loss of cell ± ECM and cell ± cell contacts is not sufficient for inducing a significant apoptotic cell death in HT29-D4 cells, at least within the experimental conditions used here.
HT29-D4 cells cultured in independence of cell ± ECM and cell ± cell interactions are sensitive to IFN/TNF-induced apoptosis HT29-D4 and the parental HT-29 cells, cultured on regular culture dishes have been shown to be totally resistant to the killing by TNF unless they are first sensitized by IFN. 23, 29, 30 A same observation was made when the cells were cultured on a defined ECM ligand, PLL or poly-HEMA. However, the extent of apoptosis induced by TNF in combination with IFN was significantly increased as compared to control cells cultured on FCS-coated plates (P50.01) ( Figure 1A We report above that HT29-D4 cells seeded on poly-HEMA formed E-cadherin-mediated multicellular aggregates ( Figure 1C,a) . When these cells were stimulated by IFN/TNF, apoptosis was accompanied by the complete disappearance of these multicellular aggregates and numerous single cells with only some small cell aggregates remaining loosely condensed were visible ( Figure 1C,c) .
Thus, although HT29-D4 cells have acquired resistance to anoikis, they remained fully responsive to the`instructive apoptosis' induced by a combination of IFN and TNF in the absence of adhesion molecule-induced signaling.
IGF-I and insulin induce resistance to IFN/TNF-induced apoptosis in HT29-D4 cells independently of cell ± ECM and cell ± cell interactions
We recently showed that IGFs and insulin induced a complete resistance against IFN/TNF-induced apoptosis in HT29-D4 cells cultured in standard conditions. 23 Figure 1A (hatched bars) shows that the addition of dIGF-I (50 ng/ml) to IFN/TNFtreated HT29-D4 cells also induced a potent resistance (485%) whatever the defined ECM ligand on which HT29-D4 cells were plated. It is worth noting that the IGF-I-induced resistance was also considerable (490%) when the cells were placed under conditions that denied them interactions with ECM, i.e., plated on PLL or poly-HEMA ( Figure 1A) .
Moreover, dIGF-I prevented the IFN/TNF-induced disruption of the multicellular aggregates observed in HT29-D4 cells plated on poly-HEMA ( Figure 1C,d) . The microscopic appearance of these cells was essentially identical to that of untreated control cells. Therefore, it might be hypothesized that IGF-I exerted its anti-apoptotic effect by inducing E-cadherin-mediated survival signals in the multicellular aggregates. However, addition of the anti-E-cadherin MB-2 mAb, which blocked the formation of the compact cellular aggregates ( Figure 1C,b) , did not prevent the dIGF-I antiapoptotic effect whether the cells were seeded on poly-HEMA or PLL ( Figure 1B , hatched bars, lanes CADH). Neither did addition of anti-integrins mAbs to the cells cultured on either poly-HEMA or PLL affect the dIGF-I antiapoptotic effect ( Figure 1B , hatched bars, lanes INT). Figure 2 shows the survival dose ± response curves of IFN/TNF-treated cells in the presence of dIGF-I and insulin when the cells were plated on PLL. dIGF-I and insulin inhibited IFN/TNF-mediated apoptosis with an IC 50 of 0.15 and 0.55 nM, respectively. Identical rates of protection were observed when the cells were seeded on poly-HEMA (not shown). These values are similar to that found when survival was evaluated in standard HT29-D4 cell monolayers. 23 Thus, we conclude that neither integrin-nor E-cadherinmediated signaling is required to sustain the survival effect of IGF-I and insulin in HT29-D4 cells submitted to the proapoptotic IFN /TNF treatment.
Signaling pathways triggered by IGF-I in the absence of cell ± ECM and cell ± cell interactions
We next determined if IGF-I was able to trigger its downstream signaling pathways in the absence of signals derived from ECM or neighboring cells. For this purpose, we plated 32 we also assessed whether IGF-I was able to activate FAK in an ECM/integrin independent manner.
IRS-1 phosphorylation
Tyrosine phosphorylation of the adaptator protein IRS-1 occurs optimally in HT29-D4 cells within 1 min of IGF-I treatment. 23 Figure 3 shows that stimulation by various doses of dIGF-I led to a comparable extent of tyrosine phosphorylation of IRS-1 in control cells and cells plated on PLL. Thus, IGF-I-induced tyrosine phosphorylation of IRS-1 is not in¯uenced by cell ± ECM interactions in HT29-D4 cells.
Phosphorylation of MAPK The activation of MAPK, Erk (p44 Erk-1 and p42 Erk-2) and p38, was determined by using Abs that speci®cally detect the phosphorylated forms of these kinases. Figure 4 shows a constitutive activation of both Erk-1 and -2 in HT29-D4 cells, which has been previously reported in many other colon cancer cell lines. 33 The extent of phosphorylation of Erk-1 and Erk-2 was further increased, and was maximal 30 min after addition of dIGF-I with a return to basal levels at 60 min. p38 was also phosphorylated in HT29-D4 cells stimulated by dIGF-I, and the activation was sustained for at least 60 min. In addition, Figure 4 indicates that there was no signi®cant difference in Erk phosphorylation by dIGF-I between control and ECM-independent cells, while phosphorylation of p38 was even more pronounced in cells cultured on PLL. Thus, contact between HT29-D4 cells and ECM is not required for IGF-I to activate the MAPK cascades, Erk and p38.
Phosphorylation of PI3K and Akt It has been shown in several cell types that PI3K and its downstream target Akt (also known as PKB) are required for preventing apoptosis. 34, 35 Using an Ab speci®c for phosphorylated Akt, we found that dIGF-I induced a sustained strong activation of Akt ( Figure 5A ). The p85 subunit of PI3K was tyrosine phosphorylated within 5 min of dIGF-I treatment as determined by immunoprecipitating PI3K with an anti-PI3K Ab, followed by immunoblotting with mAb to phosphotyrosine (PY 99) ( Figure 5B ). Moreover, Figure 5 shows that dIGF-I induced a similar extent of phosphorylation of these kinases whether the cells were cultured in standard conditions or on PLL. Thus, these results point out that activation of the PI3K/ Akt pathway by IGF-I is independent of cell ± ECM interactions in HT29-D4 cells. Figure 6 , tyrosine phosphorylation of FAK was revealed by immunoprecipitation using an anti-FAK Ab, followed by IGF-I induces phosphorylation of Erk and p38 MAPK in both control and ECM-independent HT29-D4 cells. Cells were plated for 5 h on either 10% FCS-(Control) or PLL-coated plates (PLL), then stimulated with dIGF-I (50 ng/ ml) for varying time periods (0 ± 60 min). The phosphorylation of Erk and p38 was evaluated in cell lysates by immunoblotting with Abs to phosphorylated Erk (WB P-Erk) or phosphorylated p38 (WB P-p38) as described in Materials and Methods. The blots were stripped and reprobed with anti-Erk (WB Erk) and anti-p38 (WB p38) Abs. The signal from the experiments was quantitated by scanning densitometry and the level of P-Erk and P-p38 in each sample was normalized to the level of Erk and p38, respectively. The maximal level of phosphorylation expressed as fold induction over the basal phosphorylation in unstimulated cells was 6.7 and 5.3 after 30-min of IGF-I stimulation for p44 Erk-1, 2.4 and 2.8 for p42 Erk-2, and 2.5 and 8.0 for p38 in control and PLL cells, respectively
FAK phosphorylation As shown on
Cell Death and Differentiation Adhesion-independent anti-apoptotic signaling of IGF-I F Garrouste et al immunoblotting with an anti-phosphotyrosine mAb (PY 99). As expected for ECM-anchored cells, FAK was phosphorylated in control adherent HT29-D4 cells ( Figure  6B , lane Control). Moreover, the addition of dIGF-I induced a small but signi®cant increase in FAK phosphorylation ( Figure 6A , lanes Control). In contrast, when HT29-D4 cells were plated onto PLL or poly-HEMA, the basal tyrosine phosphorylation of FAK was barely detectable ( Figure 6A and B, lanes PLL and pHEMA). This observation con®rms that both substrata are quite suitable for culturing cells lacking interactions with ECM. It also indicates that cell ± cell interactions induced by culturing cells in suspension ( Figure 1C ,a) failed to trigger FAK phosphorylation ( Figure 6B, lane pHEMA) . However, what is important to note is that dIGF-I did not induce a signi®cant increase in FAK phosphorylation, whether the cells were plated onto PLL ( Figure 6A ) or poly-HEMA ( Figure 6B ). Thus, ECM-independence of the IGF-I anti-apoptotic signaling cannot be ascribed to its capability to activate FAK in a manner mimicking the integrin/FAK-mediated survival signaling.
We next determined whether E-cadherin-mediated cell ± cell interactions were required for the efficiency of the IGF-I signaling. We found that a 6-h preincubation of the cells with the anti-E-cadherin MB-2 mAb had no significant effect on the tyrosine phosphorylation of IRS-1 and the activation of MAPK, PI3K, Akt and FAK by dIGF-I (data not shown).
Taken together, our results indicate that neither cell ± ECM interactions nor intercellular E-cadherin contacts are required for IGF-I to induce phosphorylation of IRS-1, and activation of MAPK (Erk and p38) and PI3K/Akt signaling pathways. In contrast, the activation of FAK in response to IGF-I is restricted to cells contacting ECM.
Roles of PI3K, MAPK and NF-kB in the ECM-independent anti-apoptotic signaling of IGF-I To begin to determine the mechanisms by which the IGF-I anti-apoptotic effect is transduced in HT29-D4 cells in the absence of ECM-mediated survival signals, we used pharmacological inhibitors of several signaling pathways: (i) PD098059, an inhibitor of the activation of MAPK/Erk kinase (MEK) thus suppressing Erk-1 and Erk-2 kinase activities; 36 (ii) SB203580, a specific inhibitor of p38 MAPK; 37 (iii) LY294002 and wortmannin which are specific inhibitors of PI3K; 38 (iv) BAY11-7082, a drug inhibiting IkB phosphorylation thus preventing NF-kB activity. First, we observed that none of these inhibitors affected the basal cell survival (Figure 7) . PD098059, LY294002 and BAY11-7082 increased the degree of apoptosis induced by IFN/TNF whereas SB203580 decreased it, and this was independent of cell ± ECM interactions ( Figure  7) . Thus, MAPK, PI3K and NF-kB constitute cell death regulatory pathways that modulate the extent of the IFN/ TNF-induced apoptosis in HT29-D4 cells, which is in agreement with our previous findings. 23 Figure 7A shows that in control attached HT29-D4 cells, PD098059 (100 mM), SB203580 (20 mM), and BAY11-7082 (50 mM) were able to partially reverse (from 40 to 60%) the protective effect of dIGF-I against IFN/TNF-induced apoptosis. In contrast, LY294002 (10 mM) and wortmannin (0.1 mM; not shown) did not. Figure 7B shows the effects of the same kinase inhibitors in cells plated on PLL: none of PD098059, SB203580, LY294002 and wortmannin (this latter, not shown) was able to interfere with the dIGF-Imediated anti-apoptotic signaling. In contrast, BAY11-7082 totally suppressed the IGF-I protective effect against IFN/ TNF-induced apoptosis ( Figure 7B ).
Taken together, these data indicate that in the absence of cell ± ECM interactions, IGF-I protects HT29-D4 cells from cytokine-induced apoptosis without using PI3K and MAPK (Erk and p38) pathways. In contrast, NF-kBdependent signaling appears to be the major pathway used by IGF-I to exert its anti-apoptotic function.
Additional evidence that NF-kB is required for protection by IGF-I against IFN/TNF-induced apoptosis was obtained by using pharmacological inhibitors that interfere with different steps of the NF-kB pathway. They comprised BAY11-7082 (see above), sodium salicylate (20 mM) that has been reported to inhibit TNF-induced IkB phosphorylation, 40 lactacystin b-lactone (50 mM), a potent proteasome inhibitor preventing IkB degradation, 41 and triptolide (PG490) (55 nM) that inhibits the transcriptional activation of NF-kB.
42 BAY11-7082 and triptolide did not alter the basal cell survival whereas sodium salicylate and lactacystin b-lactone induced a significant basal cell death ( Figure  8 , open bars). All these inhibitors induced a potent sensitization of HT29-D4 cells to killing by TNF alone, which contrasted with the control adherent cells that were totally resistant to TNF-induced apoptosis (Figure 8 , shaded bars). 23, 29, 30 However, it is important to note that inhibiting NF-kB with any of the used inhibitors abrogated the anti-apoptotic effect of dIGF-I (Figure 8, hatched bars) . The efficiency of the pharmacological inhibitors was verified prior to be used in the reported experiments. For PD098059, SB203580 and LY294002, this was done by Figure 8 Pharmacological inhibitors of the NF-kB pathway totally suppress the adhesion-independent anti-apoptotic effect of IGF-I. HT29-D4 cells were plated on PLL-coated plates for 16 h, then either untreated (7) or treated with the indicated pharmacological inhibitor as described in Materials and Methods. The cells were then left untreated (open bar), incubated with TNF (4.0 ng/ml) (shaded bar) or 5-min pulse-treated with IFN (40 ng/ml), and then incubated with TNF (4.0 ng/ml) in the absence (solid bar) or presence (hatched bar) of dIGF-I (50 ng/ml). After 24 h of incubation, apoptotic cells in the culture were quantified by a flow cytometric assay as described in Materials and Methods. Concentrations of inhibitors were as follows: BAY11-7082 (BAY), 50 mM; sodium salicylate (NaSal), 20 mM; lactacystin b-lactone (LacCys), 50 mM; triptolide, 55 nM. Values are the mean+S.D. from three independent experiments performed in duplicate. Insert: Efficiency of inhibitors to prevent the nuclear translocation of NF-kB p65. Cells were either untreated throughout the experiment (C) or preincubated without (7) or with the indicated inhibitor, then treated with TNF (4.0 ng/ml) for 1 h. Nuclear extracts were prepared as described in Materials and Methods and equal amounts of protein were analyzed for the presence of NF-kB by Western blotting
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Adhesion-independent anti-apoptotic signaling of IGF-I F Garrouste et al Western blot using Abs against the phosphorylated forms of Erk, p38 and Akt, respectively (not shown). For the inhibitors of NF-kB pathway, we verified that all suppressed NF-kB-dependent IL-8 production (not shown). In addition, BAY 11-7082, sodium salicylate and lactacystin b-lactone were found to prevent the TNF-induced nuclear NF-kB expression (Figure 8, insert) . Only triptolide did not, which agrees with its well known ability to inhibit transcriptional activation of NF-kB but not translocation to the nucleus and DNA binding of NF-kB. 42 All these experiments thus indicate that in HT29-D4 cells cultured in the absence of cell ± ECM interactions, (i) the resistance against TNF-induced apoptosis, and (ii) the IGF-I-mediated resistance against the IFN/TNF-induced apoptosis, primary depend upon a functional NF-kB signaling pathway.
IGF-I Potentiates TNF-and IFN/TNF-induced NF-kB-dependent production of IL-8
It has been demonstrated that NF-kB is critical in TNF mediation of IL-8 gene expression in HT29 cells. 43 Here, we investigated at the protein level whether dIGF-I could stimulate IL-8 production in HT29-D4 cells. As previously reported, 23 a weak constitutive production of IL-8 was observed which was greatly enhanced (*50-fold) when the cells were stimulated with TNF ( Figure 9 ). Although IFN did not potentiate IL-8 production by itself, IFN/TNF co-treatment induced a potent twofold stimulation of IL-8 production compared to the TNF-stimulated cells (Figure 9) . Moreover, addition of dIGF-I induced a twofold stimulation of the basal, TNF-and IFN/TNF-induced IL-8 production, and this ability was the same whether the cells were cultured in standard conditions or plated on PLL (Figure 9) . Moreover, the presence of anti-E-cadherin MB-2 mAb did not alter this IGF-I capability (not shown).
These data clearly indicate that IGF-I functions in cooperation with TNF and IFN to synergistically activate the NF-kB-dependent production of IL-8 whether HT29-D4 cells interact or not with ECM or neighboring cells.
Discussion
We have previously reported that IGFs and insulin induce an almost complete cell resistance against apoptosis mediated by TNF in IFN-sensitized HT29-D4 human colon carcinoma cells. 23 In this study, we show that these peptides mediate the same strong protective effect when the cells are cultured under conditions in which cell ± ECM and cell ± cell interactions are abolished. Thus, the IGF-I/insulin anti-apoptotic signaling is independent of integrin-and E-cadherin-mediated signaling pathways. Such a result is noticeable because the activation of signaling pathways from adhesion molecules is generally required for a full activation of the IGF-IR-dependent biological responses. 24, 25 This is also true in the HT29-D4 cell system where integrins and E-cadherin cooperate with IGF-I to promote cell migration. 26 As the crosstalk with adhesion molecules is not required, IGF-I is able to render colon cancer cells resistant to apoptosis whatever their anchorage dependence, which is extremely deleterious because promoting metastasis. In the absence of cell adhesion, IGF-I can still activate the well-established MAPK (Erk-1 and -2, and p38) and PI3K/Akt anti-apoptotic pathways. However, we show that the key determinant for IGF-I to deliver an efficient protective signal is the enhancement of the TNF-induced NFkB activity.
The adherence-independent anti-apoptotic effect of IGF-I has been investigated by seeding the cells in SFM on different specific ECM ligands to test the engagement of specific integrins, and on two types of substrata that deny the cells interaction with the ECM: (i) PLL, which prevents integrin engagement 27 and, (ii) poly-HEMA, which allows suspension culture conditions. 28 HT29-D4 cells cultured in suspension formed compact multicellular aggregates mediated by E-cadherin. Such E-cadherin-mediated intercellular interactions have been reported to be involved in anchorage-independent survival. 12 Therefore, the IGF-I anti-apoptotic effect was also assayed in the presence of function-blocking antibodies: (i) the MB-2 mAb against Ecadherin which prevents the cell ± cell interactions and formation of multicellular aggregates; (ii) a mixture of mAbs against a v , a 6 and b 1 integrin subunits, which recovers the pattern of HT29-D4 cell-expressed integrins. 27 The addition of these mAbs to cells cultured in independence of ECM did not alter their resistance to IFN/TNF-mediated cell death in response to IGF-I. This observation argues that neither integrins nor E-cadherin participate in the IGF-I antiapoptotic effect.
To avoid any misunderstanding, we would like to emphasize that such a conclusion does not presume that the signals issued from adhesion molecules are in no way involved in the cell survival. For instance, the loss of the ability to form dense multicellular aggregates in the presence of anti-E-cadherin mAb induced HT29-D4 cell Adhesion-independent anti-apoptotic signaling of IGF-I F Garrouste et al death through apoptosis after *5 days of culture in suspension (data not shown). This is, however, significantly longer than the period of the assay performed here to measure IFN/TNF-induced apoptosis i.e., 24 h. We also observed that the extent of IFN/TNF-induced apoptosis was increased when the cells were cultured in the absence of interactions with ECM. The adhesion to ECM thus contributes at least in part in the HT29-D4 cell resistance against cytokine-induced apoptosis. However, the ECMdependent signaling is dispensable for HT29-D4 cell survival since these cells were able to survive and to grow in suspension for at least 15 days (unpublished observation). Such an ability to resist to cell-detachment-induced apoptosis, referred as loss of anoikis, is a property frequently associated to cell transformation. 11, 32 In HT29-D4 cells, it may be related to the known activation of oncogenes, e.g., ras, and inactivation of tumor-suppressor genes, e.g., APC and p53, which have been reported to be involved in the control of anoikis.
To analyze the mechanisms by which IGF-I functions as an adhesion-independent anti-apoptotic factor, we first assessed the efficiency of the IGF-I signal transduction in HT29-D4 cells cultured in independence of cell ± ECM (on PLL-coated plates) and cell ± cell (in the presence of anti-Ecadherin mAb) interactions. Since regulation of IGF-I and insulin signaling by cell adhesion molecules can intervene at different levels of signal propagation, both proximal and distal signaling events have been assayed. In HT29-D4 cells, the number of IGF-IR (*30 000/cell) and insulin receptor (IR) (*5000/cell) is not overexpressed, 44 and the adherence-independent anti-apoptotic effect of IGF-I and insulin was obtained for physiological concentrations of each one of these peptides (IC 50 of 0.15 and 0.55 nM, respectively). This suggests that IGF-I and insulin protect the cells via their cognate receptors which agrees with our previous findings with HT29-D4 cells cultured under standard conditions. 23 With the exception of FAK, the tyrosine phosphorylation of which was found to require cell contact with ECM, the main signaling pathways downstream of the IGF-IR, i.e., IRS-1, MAPK (Erk 1 and 2, p38) and PI3K/Akt, were activated by IGF-I in a similar manner whether HT29-D4 cells were cultured under standard or adhesion-independent conditions. Thus, our data support the conclusion that IGF-I can efficiently signal in HT29-D4 cells whether integrin and E-cadherin receptors are activated or not. Such a conclusion may, however, appear surprising since increasing evidence shows that many cell functions require a collaboration between the adhesion molecules and growth factors. 24, 25 For instance, the survival function of insulin in primary mammary epithelial cells has been reported to be dependent on ECM. 45 In the HT29-D4 cell model, we also reported that the IGF-I-induced cell migration 22 requires an interplay between IGF-IR, integrins and E-cadherin/catenin complexes. 26 However, Valentinis et al. 46 have demonstrated that IGF-I, which can rescue mouse embryo fibroblasts from anoikis, induced the activation of PI3K/Akt and MAPK pathways regardless of whether these activities were measured in cell monolayers or cells kept in suspension. This latter observation is in complete agreement with our current findings. The discrepancies noted in the literature may be largely due to the different cell types (e.g., primary normal epithelial cells vs cancer cell lines) and experimental procedures (e.g., shortvs long-term treatments; trypsin-vs EDTA-induced cell detachment) used. In our experiments, cells were detached by EDTA, since trypsinization is known to partially digest the extracellular portions of growth factor receptors, 47 which may explain why some signals are abrogated following removal from ECM. Finally, whether the efficiency of the adherence-independent IGF-I anti-apoptotic signaling can be extended to a wide spectrum of cancer cells remains to be established.
We have also obtained with the HT29-D4 cell model some interesting indications about the signaling pathways used by the IGF-IR to exert its anti-apoptotic effect independently of the cellular adhesion molecules. Overall our studies show a lack of correlation with the signaling pathways that have been reported to play an important role in protection from apoptosis in general, and in IGF-IRmediated survival in particular.
First, it seemed reasonable to study the relationship between the activated IGF-IR and FAK phosphorylation because activation of FAK has been widely shown to be crucial for transducing survival signals from integrinmediated cell ± ECM interactions. 11, 32 In addition, insulin and IGF-I have been reported in several cell systems to modulate FAK tyrosine phosphorylation and activation, and cell adhesion appears to control this effect. 48 In agreement with these observations, we observed that FAK was tyrosine phosphorylated in HT29-D4 cells cultured in standard conditions. Moreover, IGF-I was able to increase the extent of this phosphorylation. As expected, FAK was not phosphorylated in cells seeded on PLL-or poly-HEMAcoated plates. We hypothesized that the ability of IGF-I to deliver its anti-apoptotic effect in non-adherent cells might be due to its ability to induce FAK phosphorylation. However, when the cells were cultured in ECM-independence conditions, we could not detect any effect of IGF-I on FAK phosphorylation. Thus, we conclude that activation of FAK is not used by IGF-I as a primary survival pathway. A similar conclusion has been reported by Valentinis et al. 49 in their study about the ability of IGF-I to protect embryonic fibroblasts from anoikis.
The same lack of correlation with the IGF-I anti-apoptotic effect has been observed for the PI3K/Akt signaling pathway. An abundance of studies indicate that PI3K, which in turn activates its immediate downstream target Akt, 34, 35 is the main pathway for the anti-apoptotic effect of IGF-I in several cell systems. 14, 16, 50, 51 Although PI3K and Akt phosphorylation was markedly increased in HT29-D4 cells after IGF-I stimulation, we observed that LY294002, a specific inhibitor of PI3K activity, 38 did not at all affect the protective effect of IGF-I regardless of whether cells were cultured under adhesion-dependent conditions or not. We have also used wortmannin as a PI3K inhibitor with the same results. Thus, whatever the adherence status of HT29-D4 cells, activation of the canonical PI3K/Akt antiapoptotic pathway is not an absolute requirement for IGF-I to induce resistance against IFN/TNF-induced apoptosis.
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Adhesion-independent anti-apoptotic signaling of IGF-I F Garrouste et al Of interest, several investigators have now noticed that the anti-apoptotic activity of IGF-I does not always correlate with the activation of PI3K/Akt activities in other cell systems. 16, 51 HT29-D4 cells exhibited a constitutive activation of Erk-1 and -2 MAPK, which has been observed in a relatively large number of human colon tumors. 33 We show here that Erk-1, -2, and p38 MAPK were further activated by IGF-I regardless of whether the cells were cultured in contact with ECM or not. Thus, we hypothesized that activation of MAPK cascades might be an alternative IGF-IR-mediated anti-apoptotic pathway because such a function has been previously reported in other cell systems. 16, 50 In ECMattached cells, we indeed observed that PD098059 and SB203580 reversed by *40% the anti-apoptotic effect of IGF-I, which indicates that Erk and p38 MAPK convey a part of the IGF-I protective effect. This result is in agreement with our previously reported experiments. 23 However, in the absence of ECM ± cell interaction, the addition of PD098059 and SB203580 did not affect at all the IGF-I-mediated anti-apoptotic effect. Thus, the IGF-IR can protect ECM-independent cells against IFN/TNFinduced apoptosis by a mechanism that does not require MAPK activation.
Recently, it has been shown that NF-kB activation was responsible for the resistance against apoptosis induced by TNF, and a variety of other proapoptotic stimuli in many types of cells. 52, 53 More specifically, TNF can generate two types of signal, one that induces apoptosis by recruiting and activating adaptator proteins, such as Fas-associated protein with death domain (FADD), and pro-caspase 8, and another that activates NF-kB and protects against cell death.
2,8,9 These two pathways are working against each other in a delicate balance from which will depend the lifeor-death cell's decision. Therefore, an interesting finding of our study is that the adhesion-independent IGF-I antiapoptotic effect requires the activation of NF-kB, because inhibition of this pathway totally prevented the protection by IGF-I of IFN/TNF-induced apoptosis. This prevention was observed whatever the level at which the NF-kB block was done: IkB phosphorylation (BAY11-7082, NaSal), IkB degradation (lactacystin) or NF-kB transactivation (triptolide). Thus, NF-kB appears to be an alternative pathway to MAPK and PI3K/Akt signaling for the IGF-IR-mediated protection against apoptosis in colon cancer cells. NF-kB has been shown to exert its anti-apoptotic effect via the synthesis of several anti-apoptotic proteins, 54 which is also in agreement with the protein synthesis dependence we reported for the IGF-I anti-apoptotic effect. 23 Additionally, the neuroprotection mediated by IGF-I against oxidative stress 55 and the anti-apoptotic function of insulin in IRoverexpressing CHO cells 15 have also been shown to require NF-kB activity. Confirmation that the NF-kB pathway is a key target for IGF-I signaling comes from our experiments measuring in HT29-D4 cells the production of IL-8, a NF-kB-dependent pro-inflammatory cytokine. 43 IGF-I did significantly activate the constitutive IL-8 production, and strongly potentiate the TNF-and IFN/TNF-induced IL-8 production regardless of whether cell ± cell and cell ± ECM interactions were neutralized or not. Thus, enhancement of the TNF-induced NF-kB activation appears to be the main, if not the only, pathway by which IGF-I allows to adhesionindependent HT29-D4 cells to resist to IFN/TNF-mediated cell death. In addition, the NF-kB activation status seems to have a wider impact on the survival of colon carcinoma cells since blocking NF-kB signaling dramatically sensitized the cells to TNF-mediated apoptosis. Thus, our results indicate that NF-kB is a key determinant to control both survival and resistance to apoptosis in colon cancer cells.
With regard to this conclusion, the observed ambivalent function of IFN in HT29-D4 cells is of particular interest: on the one hand, the sensitization of the cells by IFN is an absolute requirement for triggering HT29-D4 cell apoptosis in response to TNF, 23 on the other hand IFN strongly enhances the TNF-induced NF-kB-dependent IL-8 production (IFN by itself did not significantly enhance the basal IL-8 secretion). Cheshire and Baldwin 56 have also reported that IFN can strongly potentiate the ability of TNF to induce NF-kB activation. Thus, our data indicate that whether enhancement of TNF-induced activation of NF-kB is linked to a pro-apoptotic or survival signaling depends on the stimulus causing this enhancement, e.g., IFN, IGF-I or both simultaneously. This observation may be linked to the proapoptotic role of NF-kB in neuronal cells, 54 and also in HT29 cells. 57 We do not yet know how TNF/IFN and TNF/ IFN/IGF-I co-treatments lead to enhanced activation of NFkB whereas they induce pro-and anti-apoptotic responses, respectively. Although further work is obviously needed, we would like to suggest that the stimulation of NF-kB by TNF in the presence of IFN with or without IGF-I may differentially induce the expression of the Rel/NF-kB family of proteins, modulate their interactions with transcriptional co-activators and/or differentially regulate the expression of genes that co-operate with NF-kB to control cell death. In addition, since the activation of NF-kB is involved not only in the anti-apoptotic but also in the pro-inflammatory responses of intestinal epithelial cells, 58 it might be suggested that these two biological functions are linked.
In conclusion, we summarize our data as follows: (i) IGF-I can protect HT29-D4 cells from IFN/TNF-induced apoptosis, and this does not need an interplay with survival signals transmitted from E-cadherin and integrin receptors; (ii) the activation by IGF-I of several of the previously reported consensus pathways, especially IRS-1, PI3K/Akt, p38, and Erk 1 and 2 MAPK is adhesion-independent in HT29-D4 cells; (iii) in these conditions, these canonical survival pathways do not convey the IGF-I anti-apoptotic message; and finally, (iv) an alternative survival pathway for IGF-I is linked to its ability to enhance the IFN/TNFmediated activation of the NF-kB pathway.
These findings may have important biological and clinical implications because they support the notion that the IGF axis (peptides, receptors and IGF binding proteins) may constitute a major therapeutic target for combating colon cancer. Because the deleterious capabilities of the IGF system to support aberrant cell survival are also operating in cancer cells that detach from ECM, they should contribute to the limited efficiency of conventional as well as immune-mediated anti-cancer therapies, especially during the life-threatening process of metastasis.
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Materials and Methods
Cell culture
The HT29-D4 human colon carcinoma cell line was cultured routinely in Dulbecco's modified Eagle medium (DMEM) (Life Technologies, Grand Island, NY, USA) supplemented with 10% FCS (Life Technologies) as reported elsewhere. 21 For these studies, tissue culture plastic wells were coated overnight at 48C with 10 mg/ml of type IV collagen (Sigma, L'Isle d'Abeau, France), vitronectin (prepared as described previously), 27 30 mg/ml of fibronectin (Sigma), laminin-1 (prepared as described previously), 27 or 10 mg/ml of PLL (Sigma). For suspension cultures, tissue culture wells were coated with poly-(2-hydroxyethyl methacrylate) (poly-HEMA) (Sigma) following the protocol reported by Folkman and Moscona. 28 Briefly, a solution of 10 mg/ml of poly-HEMA in 95% ethanol was applied onto the dishes (0.95 ml/mm 2 ), drying in the tissue culture hood and repeating once. For control cultures, wells were coated in the same conditions with DMEM containing 10% FCS. Just before plating cells, the coated wells were washed twice with phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) (Sigma), and once in SFM, i.e., DMEM containing 0.1% BSA.
HT29-D4 cells were first plated on regular culture flasks at 2610 5 cells/cm 2 for 24 h and then a single cell suspension was obtained by using 0.53 mM EDTA only. After washing with PBS, cells were plated on coated wells at about 2610 5 cells/cm 2 in SFM with or without 1.0 mg/ml of anti-E-cadherin MB-2 monoclonal antibody (mAb) (a gift from Dr. M Mareel, Gent, Belgium) or a mixture of mAbs (1.0 mg/ml each) against integrin subunits: a v (69.6.5), 59 a 6 (GoH3) and b 1 (Lia1/ 2) (Beckman/Immunotech, Marseille, France). After 5 or 16 h of culture (as outlined under the figures), induction of apoptosis was done as described below.
Apoptosis assay
Cells plated on the variously coated wells were washed with and incubated in SFM with 40 ng/ml IFN (R&D Systems, Oxon, UK) for 5.0 min at 378C, then washed twice, and apoptosis was triggered in SFM by adding 4.0 ng/ml TNF (R&D Systems) in the presence or absence of 50 ng/ml bovine insulin (Sigma) or dIGF-I (GroPep, Adelaide, Australia). Whenever used, mAbs to anti-integrin subunits or anti-E-cadherin were added again at the same concentrations as those reported in the preceding paragraph and maintained throughout the experiment. Pharmacological inhibitors (PD098059, LY294002, SB203580 from Alexis Biochemicals, San Diego, CA, USA; sodium salicylate (NaSal) from Sigma; BAY11-7082, lactacystin b lactone, triptolide from BioMol, Plymouth Meeting, PA, USA) were added to the cells 2 h (5 h for triptolide) prior to the induction of apoptosis. After a 24 h period of incubation, non-adherent and adherent cells (recovered by 0.05% trypsin and 0.53 mM EDTA) were combined and the apoptotic cell population was determined by a flow cytometric assay. 60 Briefly, 1610 6 cells/ml were treated by an hypotonic fluorochrome solution containing 0.1% Triton X-100, 0.1% sodium citrate, and 50 mg/ ml propidium iodide (PI). Flow cytometric analyses were done on a FacSort (Becton Dickinson, San Jose, CA, USA) for quantifying the proportion of hypodiploid nuclei (pre-G 1 peak). Ten thousand events were examined for each determination, and the data were analyzed using the Cell Quest software package (Becton Dickinson). All the experiments were made in duplicate and repeated at least three times.
Immunoprecipitation and Western blot analysis
Cells were either untreated or treated with 50 ng/ml dIGF-I for different times at 378C, then rapidly washed with ice-cold PBS and lysed with 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA and 1.0% Triton X-100 (RIPA buffer) containing 10 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 10 mM NaF and a mixture of protease inhibitors (aprotinin, leupeptin, iodoacetamin, and pepstatin, 1.0 mg/ ml each) and 1 mM phenylmethylsulfonylfluoride. Cell lysates containing equal amounts of protein were incubated with 1 ± 2 mg of Ab overnight at 4.08C, and then with protein G-agarose beads (Boehringer-Mannheim, Mannheim, Germany) for 45 min. Pellets were washed three times with the RIPA buffer, three times with RIPA buffer containing 500 mM NaCl and once with PBS. The disrupted monolayer was extensively washed with buffer lacking Triton X-100 to remove contaminating cytosol proteins. Nuclear extracts were prepared by adding ice-cold buffer consisting of 50 mM HEPES, pH 7.8, 10% v/v glycerol, 50 mM KCl, 300 mM NaCl, 1 mM dithiothreitol, and 0.1 mM EDTA supplemented with the above indicated protease inhibitors. Immunoprecipitated proteins, nuclear extracts or whole cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS ± PAGE), then transferred onto nitrocellulose sheets (Hybond-C extra, Amersham, Aylesbury, UK), and probed with Abs to phosphotyrosine (PY99; 0.05 mg/ml), IRS-1 (H-165; 0.4 mg/ml), FAK (C-20; 0.2 mg/ml), Erk (K-23; 0.4 mg/ml), p38 (C-20; 0.4 mg/ml), PI3K p85a (Z-8; 2 mg/ml), NF-kB p65 (C-20; 0.2 mg/ml) (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-Erk (1 : 1000), phospho-p38 (1 : 1000), phospho-Akt (1 : 1000), Akt (1 : 1000) (all from New England BioLabs, Beverly, MA, USA). In each of the studies presented, the results shown are typical of at least three independent experiments. Autoradiographs were quantitated by scanning densitometry and absorbances curves integrated using the ImageMaster software (Pharmacia Biotech, St Quentin-Yvelines, France). Densitometric analyses were performed on gels with exposure times giving linear absorbance curves.
IL-8 assay
IL-8 concentration in SFM conditioned by untreated or dIGF-I-treated cells was determined using a commercially available enzyme immunoassay kit, according to the manufacturer's instructions (Diaclone, Besanc Ë on, France).
Statistical methods
The data were analyzed using the Statview software package (Abacus, Berkeley, CA, USA). Results were expressed as the mean+S.D. of triplicate determinations. Significant effects were determined using the nonparametric Mann-Whitney test. A statistically significant difference was considered to be present at P50.05.
